Many genotoxic carcinogens are known to leave unique signatures on cancer-related genes. The signature of carcinogens is manifested by the induction of characteristic mutations at distinctive nucleotide positions along oncogenes and/or tumor suppressor genes. Often, the nucleotide positions, wherein mutations occur, co-localize with the sites of initial DNA damage induced by the respective carcinogens. Thus, DNA damage-targeted mutation can be a predictor of carcinogenicity of genotoxins. Today, genomic sequencing technologies for investigating human cancer etiology are based on DNA-lesion footprinting in conjunction with mutagenicity analysis of genotoxic carcinogens. In this review article, we discuss the ligation-mediated PCR and terminal transferase-dependent-PCR, two versatile DNA-lesion footprinting techniques. We highlight the in vitro shuttle vector-based mutation systems for investigating site-specific mutagenicity of carcinogens and the in vivo transgenic rodent mutation systems for exploring DNA damaging and mutagenic properties of carcinogens. We present examples of application of each of these methodologies to human cancer etiology, and provide prospective views on investigations using these technologies for carcinogenicity testing.
Introduction
The introduction of genomic sequencing techniques in the mid to late 1980s opened a new window of opportunities for analyzing DNA methylation, DNA-protein interactions, and genetic polymorphisms at the level of nucleotide resolution (1) (2) (3) (4) (5) (6) . This procedure has significantly evolved during the past two decades so that it is now applicable to a variety of other investigations including studying of chromatin structure, RNA structure, e.g. RNA splicing, ribozyme cleavage, and RNAprotein interactions, as well as of DNA-lesion footprinting (also referred to as the 'DNA-damage mapping') (7, 8) . The original genomic sequencing procedure has been improved considerably by the addition of the following steps (i) enrichment of the target sequence, e.g. by pre-treatment with restriction enzymes (9) , (ii) linear amplification using gene-specific primer extension (5) , and (iii) exponential amplification by PCR (3, 4) . Additionally, the development of alternatives to radioactive-labeled primers, e.g. infrared fluorochromelabeled primers together with the advent of simultaneous gel electrophoresis and scanning technology has enabled rapid, sensitive, and specific analysis of any sequence of interest (7) . The ever-increasing use of robotic systems has also allowed automated, high-throughput, and cost-effective replacements of many laborious and time-consuming genomic sequencing protocols (10, 11) . Today, genomic sequencing is used to study genotoxic carcinogens that are known to leave unique 'signatures' on cancer-related genes (12) .
The signature of carcinogens is manifested by the induction of specific types of mutations, e.g. base substitutions or frameshifts, at distinctive locations along oncogenes and/or tumor suppressor genes. These characteristic mutations are usually preceded by the formation of carcinogen-induced DNA damage at the mutated sites (12) . This phenomenon is best illustrated by the exemplary cases of solar ultraviolet light (UV) and tobacco smoke-derived polycyclic aromatic hydrocarbons (PAHs). The respective carcinogens induce C!T or CC!TT transitions at dipyrimidine sites and G!T transversions at CpG dinucleotides in both the RAS oncogenes and TP53 tumor suppressor gene. The same nucleotide positions are virtually the hotspots of DNA damage formation by each agent, respectively (12, 13) . Different genotoxic carcinogens may leave comparable signatures on cancer-related genes through identical mechanisms targeting similar nucleotide sequences, thereby yielding analogous patterns of mutation. The latter can cause certain degrees of overlap in the signatures of various carcinogens. Detecting and assessing such overlapping signatures remain a challenge in the molecular epidemiology of cancer. Currently, genomic sequencing technologies for investigating human cancer etiology are based on DNA-lesion footprinting in conjunction with mutagenicity analysis of genotoxic carcinogens.
In the past two decades, our laboratory together with others' has pioneered developing of genomic sequencing technologies used for studying human cancer etiology. The existing literature, however, lacks a comprehensive review on this subject. In this review article, we discuss the evolution of genomic sequencing technologies, highlight the principle methodological aspects, describe the most versatile, advanced and updated techniques, present examples of applications of various methodologies to human cancer etiology, and provide prospective views on investigations using genomic sequencing for carcinogenicity testing.
Investigating human cancer etiology
Earlier works of Benzer and Freese revealed that chemical carcinogens induce specific types of mutations, e.g. transitions, transversions or deletions, in bacteria (14) (15) (16) . This phenomenon was subsequently confirmed in cultured mammalian cells in vitro and experimental animals in vivo (17-19).
The induced mutations, and the nucleotide positions in which they occurred, proved to be unique for each carcinogen. Often, these nucleotide positions co-localize with the sites of initial DNA damage caused by the respective carcinogen (18, 19) . Next, compilation of epidemiologic data identified distinctive patterns of mutation in oncogenes and/or tumor suppressor genes in specific types of human cancer (13, 20) . The incidence of many of these cancers was shown to be associated with occupational, dietary, medicinal, or recreational exposure to carcinogens. With a few exceptions, however, a causative link between carcinogen exposure and human cancer development is yet to be established (21) . Convincing evidence does exist on a causal relationship between exposure to sunlight and skin cancer (22) (23) (24) , exposure to food-borne aflatoxin and liver cancer (25) (26) (27) , and exposure to tobacco smoke or smoky coal and lung cancer (28) (29) (30) (31) (32) .
By virtue of design, most cancer epidemiology studies are observational and can ascertain malignancies associated with, but not caused by, variables such as exposure to carcinogens. To deduce whether an observed association is likely to be causal the Bradford Hill criteria (33) can be used (20) . These criteria, first outlined by Sir Austin Bradford Hill (33) , include strength and specificity of the association, consistency and coherence across studies, temporality of the putative cause and effect, biological gradient and plausibility, and experimental evidence and analogy. The fulfillment of these criteria adds weight to the probability that the observed association is causal. However, fulfilling all these criteria is challenging because multiple confounders might impact upon a single outcome association. Thus, adjusting for relevant confounders is an essential, yet, intricate pre-requisite for causality inference.
Generally, prospective observations are more definitive than cross-sectional ones for inferring causality (34) . For instance, nested-case-control studies can establish the relationship between carcinogen exposure and cancer development by monitoring healthy individuals with known exposure to specific carcinogen(s) over a period of time (35) . This time period is usually long because most human cancers develop many years after the initial exposure to carcinogens. Unfortunately, assessing human exposure for prolonged periods of time is costly and demanding considering that humans are constantly and to some extent unavoidably exposed to a plethora of carcinogens (12) .
An indirect approach for investigating cancer etiology is to correlate the pattern of mutations specific for each type of human cancer with the experimentally established signature of carcinogens (13, 20) . Obviously, experimental exposure of humans to carcinogens is unethical and out of the question. Thus, the signature of carcinogens can only be determined in model systems. Both in vitro and in vivo model systems exist that can be used for establishing carcinogen signatures. However, caution should be taken in interpreting the findings because these model systems lack complete comparability to humans. For example, in vitro cell culture systems cannot replicate the exact physiological conditions as those existing in vivo. The systems often use a single-cell type environment that may differ from the in vivo environment in which multiple cell types interact with each other. Or, in vivo experimental animal systems may not behave similarly to humans in response to carcinogens, e.g. due to inter-species differences in xenobiotics activating and/or detoxifying capacities, and DNA repair machinery. Nonetheless, if used properly, both systems can provide invaluable information, which may help unravel many aspects of human carcinogenesis (13, 20 (30) . Generally, DNA footprinting of carcinogens is performed on endogenous cancer-related target genes. On the other hand, mutagenicity analysis of carcinogens is performed on exogenous/endogenous reporter genes or endogenous target genes depending on the model system. To date, the in vitro shuttle vector-based mutation systems (36, 37) and the in vivo transgenic rodent mutation systems (38, 39) are the most widely used model systems for mutagenicity analysis of carcinogens. The increasingly popular transgenic rodent mutation systems are also suitable for simultaneous DNA footprinting and mutagenicity analysis of carcinogens. The systems provide unique opportunities for studying DNA damaging and mutagenic properties of carcinogens in a single setting (38, 39) .
DNA-lesion footprinting of carcinogens
Two genomic sequencing assays, namely ligation-mediated (LM)-PCR and terminal transferase-dependent (TD)-PCR, can be used for DNA-lesion footprinting of carcinogens (40) . Methodologically, both of these assays are based on the concept that DNA polymerase cannot synthesize DNA past certain types of lesions, i.e. bulky lesions and single strand breaks. Although many aspects of LM-PCR and TD-PCR are similar, there also exist fundamental differences between these two assays (40) . Here, we describe the updated methodology for each of these two assays, and present examples of their applications to cancer etiology investigations.
LM-PCR
LM-PCR is initiated by chemical or enzymatic conversion of lesion-containing DNA to single-stranded DNA breaks with 5 0 -phosphate termini. These fragments are used as templates and are subjected to a gene-specific primer (primer 1) extension to provide molecules with one blunt end. An asymmetric synthetic double-stranded linker is then ligated to the blunt ended molecules to generate a common sequence at all 5 0 -ends. The resultant molecules undergo exponential PCR amplification using a nested gene-specific primer (primer 2) together with the longer oligonucleotide of the linker (linker primer). The PCR-amplified products are subjected to a second round of primer extension with a labeled gene-specific primer (primer 3). The reaction products are resolved by gel electrophoresis and the results are quantified using a label-specific scanner (40) . The outline of the LM-PCR procedure is illustrated in Figure 1 .
A (Figure 2 ). Also, hot piperidine treatment of certain UV-induced dimeric DNA lesions, i.e. pyrimidine pyrimidone photoproducts [(6-4)PPs] and their Dewar valence photoisomers (Figure 3 ), yields single-stranded DNA breaks with 5 0 -phosphate groups at the lesion-formation sites (42) . Another prominent class of UV-induced DNA dimers, cis-syn cyclobutane pyrimidine-dimers (CPDs), however, can only be converted to ligatable 5 0 -ends by successive enzymatic digestion with T4 endonuclease V (T4 endo V) and Escherichia coli photolyase reactivation (43) . The T4 endo V cleaves the glycosidic bond of the 5 0 -pyrimidine in a CPD and breaks the sugar-phosphate backbone between the two dimerized pyrimidines. The resulting dissociated 3 0 -pyrimidine retains an overhang dimer, which makes it unligatable until the E.coli photolyase reactivation step detaches the dimer, yielding a single-stranded DNA with a normal base on the 5 0 -sugar-phosphate terminus (43) .
Other utilized enzymatic digestions include treatment with DNA glycosylases such as formamidopyrimidine DNA glycosylase, which not only generates abasic (AP) sites by releasing damaged bases but also produces single-stranded DNA breaks with 5 0 -phosphate termini by cleaving the sugar-phosphate backbone (44) . Another versatile enzyme is the E.coli UvrABC endonuclease. This enzyme complex makes a dual incision at distinctive positions 5 0 and 3 0 of a variety of lesions induced by DNA crosslinking agents such as cisplatinum, mitomycin C, and psoralens, as well as by bulky DNA adduct forming agents such as PAH, and UV or UV mimetic agents, e.g. 4-nitroquinoline (45) . As an example, the UvrABC complex incises seven bases 5 0 and four/five bases 3 0 to B[a]PDE-guanine lesions (30) . A significant improvement in the original LM-PCR protocol is the inclusion of biotinylated primers in the first extension step in conjunction with the use of magnetic streptavidincoated beads permitting an efficient purification of the extended products (7). This purification step prior to PCR amplification rids the extension products of unbound nonspecific DNA templates that could otherwise engage in the PCR. Also, the introduction of a new generation of primer labels and compatible detectors, e.g. fluorescence-based systems, has offered an expedient replacement of the earlier painstaking visualization procedures, i.e. sequencing gel transfer, electroblotting, and hybridization with radiolabeled genespecific probes. The new methodology has also the advantage of allowing even spacing of bands during gel electrophoresis, which leads to a longer and clearer read-out (7) (Figure 2) . A detailed protocol for LM-PCR is available in ref. (46) .
TD-PCR
The principles of TD-PCR are similar to LM-PCR with the only differences being the primer extension and ligation steps (7, 47) . TD-PCR can be readily applied to all 5 0 -phosphorylated or unphosphorylated DNA templates that contain polymerase A.Besartinia and G.P.Pfeifer blocking lesions, i.e. bulky lesions and single-stranded breaks (Figure. 4). As in LM-PCR, lesion-bearing DNA templates in TD-PCR initially undergo primer extension, but for multiple cycles, with a gene-specific biotinylated primer ('repeated' primer extension). The biotinylated extension products are captured using streptavidin-coupled magnetic beads, thus removing the unbound original DNA templates and the nonspecific DNA fragments. The purified single-stranded extension products are subjected to 3 0 -ribotailing using terminal deoxynucleotidyl transferase (TdT) (7, 47) . The TdT treatment adds long deoxyribonucleotide tails to the 3 0 -termini of singlestranded DNA molecules (48) . However, this addition can be limited to short tails if riboguanosine triphosphate (rGTP) is used as a substrate. Under standardized TD-PCR conditions, an average of three rGTPs is tailed to all extension products. The resulting homopolymeric ribotailed molecules undergo cohesive-end ligation using a phosphorylated double-stranded linker with a three-deoxycytidine overhang at the 3 0 -end of the longer oligonucleotide (47, 48) . The ligation products are PCR-amplified using a nested gene-specific primer along with a linker primer that is complementary to the lower strand of the linker. The amplified products are subjected to labeling and gel electrophoresis for visualization and analysis as Investigating human cancer etiology described for LM-PCR (7, 47) . The outline of the TD-PCR procedure is illustrated in Figure 1 . A detailed and updated protocol for TD-PCR is available in ref. 8 .
TD-PCR has a higher sensitivity than LM-PCR because it utilizes 'repeated' primer extension to synthesize multiple copies of the original lesion-containing DNA templates. These multiplied templates can then participate in the ligation step. In LM-PCR only the original DNA templates take part in the ligation step, and solely those 5 0 -phosphorylated DNA templates in which primer extension has gone to completion are ligatable. Conversely, in TD-PCR, both prematurely terminated-and fully extended products made from (un) phosphorylated DNA templates are ligatable. Conventional LM-PCR and TD-PCR have a detection limit of approximately 1 lesion per 20 000 and per 50 000-100 000 unmodified nucleotides, respectively. On the other hand, LM-PCR has a greater specificity than TD-PCR because it takes advantage of the initial (chemical/enzymatic) cleavage step to permit the identification of unique and homogenous types of DNA damage prior to the ligation. In TD-PCR, however, a combination of lesions, which pause or arrest DNA polymerase progression, is involved in the ligation. If possible, a pre-digestion with enzymes or chemicals specific for certain types of damage can enrich the lesion content, and add extra layers of specificity and sensitivity to the conventional TD-PCR (7, 47) .
Mutagenicity analysis of carcinogens
The in vitro shuttle vector-based mutation systems (36, 37) for investigating site-specific mutagenicity of carcinogens and the in vivo transgenic rodent mutation systems (39) for studying DNA damaging and mutagenic properties of carcinogens are relevant model systems for determining carcinogen signatures. Conventionally, shuttle vector-based mutation systems are used as the initial approach to verify the etiologic relevance of suspected carcinogens identified by cancer epidemiology investigations. Once verified, the etiologic involvement of the carcinogen can be further explored using the in vivo transgenic rodent mutation systems. Here, we describe the general features of each of these two model systems, and provide representative methodologies and examples of their application to cancer etiology.
Target and reporter genes for mutagenicity analysis of carcinogens
Both endogenous cancer-related target genes and exogenous/ endogenous reporter genes can be used for mutagenicity analysis of carcinogens (36, 37) . Obviously, the former genes are of more relevance for cancer etiology investigations. However, the latter genes can also be of value especially when analyzing target genes is not feasible. Of the reporter genes, endogenous ones are preferable for surrogating cancerrelated target genes. Albeit, assaying endogenous genes can be either technically challenging (49) or limited to specific organs or developmental stages (50).
Cancer-related target genes: the RAS oncogenes and TP53 tumor suppressor gene
The RAS oncogene sequences have commonly served as the target sequences for mutagenicity analysis of carcinogens (36, 37) . Activation of RAS oncogenes occurs frequently in various human cancers as a result of specific mutations at only a few codons along these oncogenes (51, 52) . The RAS oncogene family consists of three members, N-RAS, H-RAS and K-RAS that are located on chromosomes 1, 11 and 12, respectively. The three genes all encode a 21 kDa protein (p21), which possesses a guanosine triphosphatase activity. The p21 has four domains including, non-essential, essential, nucleotide binding, and effector domains. The activated RAS oncogenes bear mutations at codons 12, 13, 59 or 61 that cause an amino acid change in the last three domains of the p21, which causes the encoded p21 protein to be constitutively active. The activated RAS oncogenes are thought to be involved in aberrant cell proliferation, altered cell cycle checkpoints and cellular differentiation (51, 52) . In human cancers, the most commonly activated form of RAS oncogenes is the K-RAS oncogene with mutations at codon 12 (51, 52) . Over 90% of pancreatic cancers, 50% of colon cancers, and 30% of smoking-associated lung cancers have an activated K-RAS oncogene with mutations at codon 12 (51, 52) .
Another routinely used target gene for mutagenicity analysis of carcinogens is the TP53 tumor suppressor gene (36, 37) . Inactivation of the TP53 gene is the most frequent event in human cancers due to mutations occurring in a large target region encompassing exons 5-9 (53,54). The multifunctional TP53 gene plays a key role in cell survival and acts as a safeguard against genetic instability caused by endogenous and/or exogenous stressors (53, 54) . The TP53 gene encodes a 53 kDa nuclear protein (p53; 393 amino acids), which is a transcriptional activator. There are five domains in the p53 protein with characteristic structures and functionalities (53, 54) . The sequence-specific DNA binding domain of the TP53 gene (amino acids: 97-300) is the major target in most human cancers. Generally, missense mutations mapping to this domain inactivate p53 function by abolishing the DNA binding and transcriptional activation properties of the protein. The overall mutation spectra, the codon position, sequence context, or DNA strand in which inactivating TP53 mutations occur are specific for several types of human cancer (13) . For example, non-random TP53 mutations occurring in codons 157, 158, 245, 248, 249 and 273, predominantly at CpG dinucleotides, with a majority being G!T transversions and 490% located on the non-transcribed strand, are characteristic for smoking-associated lung cancer (55) ( Figure 5 ). Or, specific TP53 mutations in several dipyrimidinecontaining codons mostly in a 5 0 -CCG or 5 0 -TCG sequence context and primarily being C!T or CC!TT transitions are unique for UV-associated non-melanoma skin cancer (24) . Also, TP53 mutations almost exclusively at codon 249 and mainly being G!T transversions are specific for aflatoxin B1-associated hepatocellular carcinoma (13, 20) (Figure 6 ).
For the most part, mutagenicity analysis of carcinogens in the RAS and TP53 genes is restricted to tumorous tissues or even to specific cells within a tumor due to the clonal nature of tumorigenesis. Such analysis in unselected cell types in a normal tissue would not be as informative nor would it be significantly indicative of environmental exposures except in a few select cells (56) .
Reporter genes: the hypoxanthine-guanine phosphoribosyltransferase gene
The endogenous hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene is a commonly used reporter gene A.Besartinia and G.P.Pfeifer for mutagenicity analysis of carcinogens (57) . The human X-chromosomal HPRT gene was first identified in an enzyme defect associated with severe neurological, psychiatric, arthritic and metabolic disorders represented by excessive purine metabolism and extreme urate production, i.e. the Lesch-Nyhan syndrome (58) . HPRT is a single copy gene $44 kb in length including nine exons and eight introns. The coding region of the HPRT gene is 654 bp long. The HPRT gene product is an enzyme required for nucleic acid biosynthesis through phosphoribosylation of hypoxanthine and guanine. The HPRT enzyme also phosphoribosylates purine analogs such as 6-thioguanine and 8-azaguanine, a prerequisite step for their cytotoxicity. The mutated enzyme is unable to phosphoribosylate these agents, thereby, causing resistance to their cytotoxicity. This is the basis for the HPRT selection system, in which only cells with a mutated HPRT can survive and grow in media containing the purine analogs. The use of HPRT as an expressed reporter gene for mutagenicity analysis of carcinogens has the advantages of being highly sensitive, i.e. relatively low frequency of spontaneous mutations, and reflecting transcriptional determinants of mutagenicity in target genes. However, it also has the disadvantages of being technically challenging, e.g. involving cell cloning, limited to specific cell types, i.e. T lymphocytes and fibroblasts, and under-representing some characteristics of target genes, e.g. low frequency of methylated CpGs. As a homozygous and not heterozygous gene, the HPRT gene also fails to permit the recovery of large chromosomal rearrangements and multi-genic deletions (this is a general limitation of transgenes, as well). Other reporter genes of exogenous origin are discussed in 'Transgenic Rodent Mutation Systems'. 
Investigating human cancer etiology
Shuttle vector-based mutation detection systems Shuttle vector-based mutation detection systems utilize synthesized oligonucleotides containing defined sequences of reporter genes from plasmids or phages, e.g. supF and lacZ or of cancer-related target genes, e.g. human RAS and TP53 (36, 37) . A carcinogen-induced lesion of interest is placed at a specific location along the sequence and the resulting oligonucleotide is incorporated into a single-or double-stranded vector. The vector is then replicated in a compatible cellular system, i.e. bacteria or mammalian cells. The progenies are evaluated for the occurrence and types of induced mutation that represent the mutagenic potency and specificity, respectively, of the tested carcinogen.
Shuttle vector-based systems utilize single-stranded or double-stranded vectors. The single-stranded based systems have the advantage of mimicking in vivo circumstances under which translesion synthesis-derived mutations occur at a single/double-stranded DNA junction in the presence of DNA polymerases. The double-stranded based systems are advantageous for examining DNA strand-bias of mutagenesis caused by leading or lagging strand DNA replication. Both systems have been successfully used in various site-specific mutagenicity experiments to elucidate the mutagenic potency and specificity of numerous genotoxic carcinogens (59).
Transgenic rodent mutation detection systems
Transgenic rodent mutation detection systems offer a chromosomally integrated exogenous gene (mostly of prokaryotic origin) as the target for both DNA footprinting and mutagenicity analysis of carcinogens. A DNA construct bearing the transgene is microinjected into the pronucleus of a zygote from mice or rats. The transgene is randomly integrated as multiple tandem copies at a single location into the genome, and transmitted to the offspring of the foster animal derived from the injected embryo. The ubiquitous and high copy number transgene in all organs of the animal can be rescued from the genomic DNA and used as a reporter gene, e.g. in bacterial expression assays (38) .
A carcinogen of interest can be administered to these transgenic animals, and subsequently DNA footprinting and mutagenicity analysis can be performed on the transgene from various organs. The mutagenic potency of the administered carcinogen can be inferred from the relative increase in the mutation rate of the transgene (mutant frequency) in the genomic DNA of the treated animal. The mutagenic specificity of the carcinogen can be deduced from the molecular nature of induced mutations through DNA sequencing of phenotypically expressed mutant transgenes. Theoretically, DNA damagetargeting mutations in the transgene of target organ(s) in a carcinogen-treated animal is reflective of carcinogen exposure A.Besartinia and G.P.Pfeifer (38, 39, 60) . Although selection plays a critical role in tumorigenesis, it does not significantly affect the mutation spectra recovered from a transgene. Throughout the tumorigenesis process, selection is a determinant that shapes and molds the final mutation spectrum that one observes in the tumor-along with mutation induction consequent to exposure to carcinogens. Whereas both selection and mutation induction caused by carcinogen exposure affect tumorigenesis, only the latter is of significance in shaping the mutation spectrum found in the transgene.
Mutations (%)
Transgenes are used as surrogates for endogenous cancerrelated genes, although they may not necessarily possess all characteristics of the endogenous genes. For example, transgenes exist in multiple copies per haploid genome, are heavily methylated, and are not expressed. Being non-transcribed and genetically neutral (38) , the transgenes are not subjected to selective pressures existing in vivo (38) as are the endogenous genes (61) . The transgenes are not biased for DNA strandspecific mutagenicity because they lack transcription-coupled DNA repair (38) . This characteristic allows mutations in the transgene to accumulate and persist over time, thereby making them more easily detectable (62) . However, it may also preclude the transgene from mirroring the exact events occurring in endogenous active genes (38) . For the most part, transgenes have shown similar responses to carcinogens relative to endogenous cancer-related genes (63-65), although there have also been some dissimilarities (66, 67) .
Of significance for transgenic mutation systems is determining optimal treatment conditions and sampling times, and relevant target and surrogate organs for analyses (38) . Generally, multiple treatments are more preferable to a single treatment with carcinogens in terms of effectiveness. Depending on the outcome of interest, i.e. DNA damage or mutagenesis, sampling should be done immediately after treatment (to avoid removal of DNA damage by DNA repair systems) or at specific time points post-treatment (to allow the induced DNA damage to be translated into mutations after DNA replication, i.e. manifestation time). An expert consultation on transgenic mutation systems (60) has recently recommended a '28-daily' treatment as optimal for all in vivo DNA damagetargeted mutagenicity experiments. Based on the assumption that the mutagenic response to carcinogens varies in different organs (depending on cellular proliferation rate), it was agreed that at a specific time such a response in all comparable organs reaches a maximum and stays at a plateau, thereafter. For highly proliferative organs, the 28-day consecutive treatment period was considered to be sufficient to reach such specific time. For highly differentiated and slowly dividing organs, a manifestation time of '28 days' following the treatment period was also considered to be optimal. Moreover, there was a consensus that all analyses should be performed on target organs wherein tumors arise, although surrogate organs might also be useful once thoroughly validated. Detailed and updated guidelines for transgenic mutation systems are available in refs 39,60.
Today, compelling evidence attests the ability of transgenic rodent mutation systems to predict carcinogenicity (68) . A recent evaluation of a database of 155 agents has verified that transgenic mouse mutation systems can convincingly predict carcinogenicity, i.e. $80% of proven carcinogens tested positive in at least one system, and $78% of known non-carcinogens yielded negative results throughout (60) . To extrapolate such findings in rodents to humans, however, should be done cautiously because these animals may differ from humans in response to carcinogens due to, e.g. varying metabolic activation and detoxification, and DNA repair capacities (69) . Currently, a wide range of transgenic rodent mutation systems exists including Big Blue Ò mice and rats, MutaMice, gpt delta mice, etc. As a widely used representative, the transgenic Big Blue mutation system is discussed below.
Big blue rodents mutation system
Since the introduction of Big Blue rodent transgenic animals, the mouse and rat mutation systems have increasingly been used for genotoxicity of an array of carcinogens (70, 71) . The Big Blue mutation system offers an easily recoverable coliphage lambda shuttle vector (lLIZ), which contains two mutational reporter genes namely, the lacI and cII. This vector is present in $40 copies and integrated into the genome of the rodent at a single locus in a head-to-tail arrangement. For mutation detection, the vector is recovered from the genomic DNA and packaged into viable bacteriophages using an enzyme-based packaging extract (Stratagene; La Jolla, CA). Subsequently, the phages infect an appropriate host E.coli and then, the bacterial culture is grown on a special agar lawn. Mutations in the lacI transgene lead to a functional inactivation of the lacI protein, which is phenotypically expressed as a recovery of b-galactosidase activity exhibited by blue plaque formation on the agar lawn. Mutations in the cII transgene lead to a lack of functional cII protein that is essential for activation of the cI repressor and l integrase, both of which being necessary for lysogenization. Thus, the E.coli indicators that bear phages with a mutated cII undergo lysis and form visible plaques on the agar lawn (71, 72) . The relative increase in the frequency of lacI or cII mutant plaques in the genomic DNA of a carcinogen-treated animal represents the mutagenic potency of the carcinogen. The lacI and cII mutant plaques can also be isolated and subjected to DNA sequencing, thereby providing information on the molecular nature of induced mutations, i.e. mutagenic specificity of the carcinogen. Because both the lacI and cII transgene are relatively short in length i.e. 1080 and 294 bp, respectively, multiple genomic sequencing can be done from small amounts of DNA isolated from various organs of the transgenic animal (70, 71) . The lacI and cII transgenic rodent systems have been successfully used to study various classes of chemical and/or physical carcinogens (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) .
Examples of application of DNA-lesion footprinting and mutation analysis for investigating human cancer etiology
We highlight two examples of application of genomic sequencing for exploring human cancer etiology. In both cases, mutation analysis of the suspected carcinogens verified their etiologic relevance as implicated by cancer epidemiology investigations. DNA-lesion footprinting of the carcinogens provided supportive evidence only in one case, however. In the other case, it offered suggestive clues on interactions between carcinogen exposure and other determinants, being ultimately responsible for cancer development. (31) . Except for codon 249, all other TP53 mutational hotspots in lung cancer were the preferential binding sites for all or some of these PAH-diol epoxides. It was proposed that the overall spectrum of TP53 mutations in lung cancer is determined by exposure to multiple PAH, possibly having additive or multiplicative effects (31) . This is in accordance with the fact that tobacco smoke contains a mixture of PAH, some of which may act synergistically or multiplicatively in relation to each other. It was also acknowledged that selection may shape the spectrum of mutations because not all sites of PAH-induced lesions are necessarily major mutational hotspots (31) . These findings are compatible with the cascade hypothesis of mutations invoked by Loeb et al. (88) . According to this hypothesis, the specific exposure-associated mutation spectrum recovered from a cancer-related gene in a tumor is of relevance for cancer etiology only if two things apply: (i) the mutations occur early on in the carcinogenesis process and (ii) the gene in which the specific mutations occur is essential and required for tumorigenesis and retained throughout the tumor selection process. Otherwise, the Loeb hypothesis, which may be correct, would predict chaos and a random collection of mutations in the tumor (88) .
Distribution of tobacco smoke-associated DNA lesions was also mapped in the N-, H-and K-RAS oncogenes in B[a]PDE-treated normal human bronchial epithelial cells and the naked DNA from these cells, as well as normal human fibroblasts (32) . In all cases, the induced DNA lesions were preferentially formed at guanine residues in codons 12 and 14 on the non-transcribed strand of the K-RAS oncogene; however, the removal of lesions from codon 12 was twice slower than that from codon 14. To further explore the specificity of smoke-derived DNA lesions targeting K-RAS mutations, DNA footprinting was performed on normal human bronchial epithelial cells treated with B[g]CDE, N-AAAF, and aflatoxin B1 8,9-epoxide. B[g]CDE and N-AAAF yielded essentially similar lesion-formation profiles to that of B[a]PDE, whereas the food-borne mycotoxin aflatoxin B1 8,9-epoxide showed slightly different results (32) . Together, these findings are in good agreement with cancer epidemiology data indicating that approximately one-third of smoking-associated lung tumors harbors an activated K-RAS oncogene with mutations at codon 12 (89) .
Aflatoxin-associated hepatocellular carcinoma
Distribution of DNA lesions induced by aflatoxin B1 was mapped along exons 7-8 of the TP53 gene in human HepG2 cells using both LM-PCR and TD-PCR (90) . In both cases, significant DNA-lesion formation was seen at codon 249 in exon 7. However, similar or even more pronounced formation of DNA lesions was observed at several other codons both in exon 7 and 8. In addition, removal of the lesions was more efficient at codon 249 than at most other lesion-formation sites. Together, these data could not per se explain the predominance of TP53 mutations at codon 249 in aflatoxin B1-associated hepatocellular carcinoma (13, 20) . However, cancer epidemiology investigations have documented that exposure to aflatoxin B1 and infection with hepatitis B virus (HBV) can synergistically impact upon TP53 mutations at codon 249 in hepatocellular carcinoma (91) . In fact, in the geographical areas with equal prevalence of HBV infection, aflatoxin B1 exposure has been shown to be positively associated with TP53 mutations at codon 249 in hepatocellular carcinoma (92) . Based on these observations, it was proposed that codon 249 mutations in the TP53 gene in hepatocellular carcinoma is a consequence of aflatoxin B1 exposure selected by a concomitant HBV infection (90) . However, the exact biological mechanisms for selection of this particular TP53 mutation still remain unknown.
Prospective view
Genomic sequencing technologies for investigating human cancer etiology are advancing rapidly. The highly sensitive and specific DNA footprinting methodologies are now becoming increasingly automated (10, 11) . This can expand the application of DNA-lesion footprinting to large-scale molecular cancer epidemiology studies. Accordingly, if sufficient sensitivity for lesion detection is obtained, highthroughput and cost-effective analyses can be performed on cancer-related genes in various target and surrogate organs of populations variably exposed to carcinogens. This approach can help identify valid and non-invasively obtainable tissues for routine biomonitoring of the general population. Furthermore, progress is being made in identifying new genes that are uniquely targeted in specific types of human cancer. These newly identified genes can provide additional target sequences for in vivo DNA-damage mapping and in vitro shuttle vectorbased systems. Also, genetically altered rodent models are progressively becoming available. The utility of these models to help create transgenic mutation systems with multiple cancer-related genes over-expressed or inactivated is indispensable (93) . Admittedly, however, creating these systems is challenging due to inherent complications in manipulating A.Besartinia and G.P.Pfeifer multiple genes (especially if they all need to be homozygous). Prospectively, generating such transgenic rodent mutation systems will provide valuable information on the mechanism of carcinogenesis and will facilitate validation of mutagenicity analysis in transgenes for predicting carcinogenicity.
Currently, cancer epidemiology investigations are identifying candidate carcinogens of etiologic relevance for human cancers other than lung, liver, and skin cancers. Of these, several common internal cancers such as breast, colon, and prostate cancers are linked to specific environmental factors (13, 20) . Mutation spectrometry of the induced tumors in these cancers also shows unique signatures of mutation (13, 20) . For example, $50% of all TP53 mutations in colon cancer are C!T transitions at methylated CpG dinucleotides (94, 95) . Although these mutations are generally assumed to be due to deamination of 5-methylcytosine (84, 96) , the evidence that this phenomenon does in fact occur in vivo during initiation or progression of colon cancer awaits further confirmation. It is likely that DNA-lesion footprinting and mutagenicity analysis of candidate colon carcinogens may uncover a potential etiologic agent if such an agent would be exactly specific for modification of methylated CpG sequences and would cause C:G!T:A transition mutations at the same sequences. In fact, Ambs et al. (97) have demonstrated a significant correlation between activity levels of inducible Ca 2þ -independent nitric oxide synthase (NOS2), which generates mutagenic nitric oxide (NO) with deaminating metabolites, and occurrence of C:G!T:A transition mutations in the TP53 gene in human colon cancer. Furthermore, they have documented a significant dose-response relationship between NOS2 activity and C:G!T:A transition mutations at CpG dinucleotides in carcinomas. Because TP53 mutations arise mostly at the transitional stage from adenoma to carcinoma in situ, the authors hypothesized that the observed association between NOS2 and the frequency of C:G!T:A transition mutations at the CpG dinucleotides in carcinomas is a consequence of NO-induced mutagenesis (97) .
